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The  effects  and  affecting  mechanisms  of  carbon  dioxide  on  oxygen  reduction  reactions  on  the 
Lao.6Sro.4Co03_s  (LSC)  and  Lao.aSi'ojMnC^ , (LSM)  cathodes  have  been  investigated.  The  presence  of  CO2 
in  O2  flow  reduces  the  LSC  and  LSM  cell  performance  and  increases  polarization  resistance.  CO2  impedes 
oxygen  dissociative  adsorption  on  the  LSC  cathode,  whereas  CO2  inhibits  dissociation  of  adsorbed  oxygen 
molecule  or  diffusion  of  O-species  on  the  LSM  cathode.  C02  adsorption  on  the  LSC  cathode  obeys  Temkin 
model  in  550-650  °C  and  Freundlich  model  in  700-800  °C.  Different  CO2  adsorption  behaviors  are 
ascribed  to  the  change  in  LSC  structure  and  the  change  in  oxygen  reduction  mechanism.  CO2  adsorption 
on  the  LSM  cathode  obeys  Freundlich  model  in  650-800  °C.  The  differences  in  the  effects  and  affecting 
mechanisms  of  C02  on  LSM  and  LSC  are  related  to  their  differences  in  composition  and  structure. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Sr-doped  LaMnC>3  (LSM)  and  Sr-doped  LaCo03  (LSC)  are  two  of 
the  most  common  materials  used  as  cathodes  in  solid  oxide  fuel 
cells  (SOFCs).  LSM  is  the  state-of-the-art  cathode  material  for  high- 
temperature  SOFCs,  mainly  due  to  its  high  electronic  conductivity, 
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good  stability  with  YSZ  electrolyte  and  high  electrochemical 
activity  for  oxygen  reduction  at  high  temperatures  [1,2],  LSM 
usually  displays  oxygen  excess  nonstoichiometry  due  to  the  pres¬ 
ence  of  stable  Mn4+  ions  [3,4],  Oxygen  reduction  on  LSM  takes 
place  around  the  TPB  and  involves  adsorption  of  oxygen  molecule, 
dissociation  of  oxygen  molecule,  diffusion  of  oxygen  atom,  ioniza¬ 
tion  of  oxygen  atom  and  incorporation  of  oxygen  ion  into  electro¬ 
lyte  at  TPB  [5—10],  LSC  is  one  of  the  most  promising  cathode 
materials  for  intermediate-and  low-temperature  SOFCs,  mainly 
due  to  its  high  mixed  ion-electron  conductivity  (MIEC)  and  high 
catalytic  activity  for  oxygen  reduction  [11,12],  LSC  displays  oxygen 
deficient  nonstoichiometry  because  of  the  difficulty  in  stabilizing 
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Co4+  ions  and  ease  of  reduction  of  Co3+  to  Co2+  [13].  Oxygen 
reduction  on  LSC  extends  to  the  whole  cathode  and  involves  oxygen 
dissociative  adsorption,  ionization  of  oxygen  atom,  diffusion  of 
oxygen  ion  through  LSC  and  transfer  of  oxygen  ion  from  LSC  bulk 
into  the  electrolyte  [5,14—18],  Oxygen  reduction  reaction  on 
perovskite  cathode  greatly  depends  on  B-site  cation  and  oxygen 
vacancy.  B-site  cations  in  perovskites  are  present  in  the  form  of  B4+/ 
B3+  or  B3+/B2+  couples,  which  not  only  act  as  hopping  sites  for 
electrons/holes  but  also  active  sites  for  oxygen  reduction.  Oxygen 
vacancy  is  a  predictor  of  oxygen  ion  bulk  diffusion  and  oxygen 
surface  reaction.  The  higher  the  amount  of  oxygen  vacancies  is 
available,  the  easier  oxygen  surface  reaction  is  expected.  But  up  to 
now,  it  is  very  difficult  to  clearly  clarify  oxygen  reduction  processes 
because  reaction  mechanism  changes  with  material,  composition, 
morphology  and  operating  conditions  [6,19,20], 

Oxygen  reduction  can  be  hindered  or  blocked  by  some  minor 
gases  in  air,  such  as  SO2,  CO2  and  water  vapor.  Recently,  the  effects 
of  these  impurity  gases  on  oxygen  reduction  reaction  (ORR)  on 
cathodes  have  been  investigated  [20-34],  The  presence  of  CO2  in 
oxygen  flow  seriously  degrades  the  performance  of  BSCF  cathode. 
The  electrochemical  impedance  spectra  (EIS)  results  show  that  the 
adsorbed  C02  molecules  occupy  active  sites  for  oxygen  reduction 
especially  at  low  temperatures  [32],  The  effects  of  CO2  on  oxygen 
reduction  arise  from  the  interaction  of  CO2  with  perovskite  oxides. 
CO2  adsorption  on  perovskite  oxides  LaBC>3  (B  =  Cr,  Mn,  Fe,  Co,  Ni) 
has  been  investigated  using  CO2  temperature-programmed 
desorption  (CO2-TPD)  and  infrared  spectroscopy  [35-39].  The 
chemical  nature  of  the  B  cation  influences  greatly  the  coverage  of 
CO2.  Both  monodentate  carbonates  and  bidentate  carbonates  are 
formed  on  perovskite  surfaces.  Monodentate  carbonates,  bonding 
through  C  atom  of  CO2  with  basic  O2-  ion,  are  facile  to  desorb  at  low 
temperature.  Bidentate  carbonates,  bonding  through  C  atom  of  CO2 
with  O2  ion  in  perovskite  and  O  atom  of  CO2  bonding  with  oxygen 
vacancy  in  perovskite,  are  relative  stable.  These  different  carbonate 
species  may  have  different  effects  on  oxygen  reduction. 

As  a  minor  gas,  it  is  impossible  to  completely  remove  CO2  from 
air  for  SOFC  practical  applications.  Therefore,  it  is  important  to 
know  the  effects  and  affecting  mechanisms  of  CO2  on  oxygen 
reduction  reactions  on  LSC  and  LSM  cathodes.  In  this  paper,  we  will 
investigate  the  effects  of  CO2  on  LSC  and  LSM  cathodes  and  discuss 
the  affecting  mechanisms  of  CO2  on  oxygen  reduction.  The  change 
of  cathodic  overpotential  with  CO2  partial  pressure  is  analyzed  with 
different  adsorption  models  on  the  two  cathodes.  The  differences  in 
the  effects  and  affecting  mechanisms  of  CO2  on  LSM  and  LSC 
cathodes  are  discussed  in  view  of  their  composition  and  structural 
differences. 

2.  Experimental 

Perovskite-type  oxides  Lao.6Sro.4Co03_a  (LSC)  and 
Lao.8Sr0.2Mn03f(;  (LSM)  were  prepared  by  the  citric  acid  ammo¬ 
nium  assisted  Pechini-type  method.  Metal  nitrates  of  La(N- 
03)3.6H20,  Sr(N03)2,  Co(N03)2.6H20  and  Mn(N03)2  solution  (50  wt 
%)  were  used  as  the  raw  materials.  Metal  nitrates  at  the  stoichio¬ 
metric  ratios  for  the  desired  products  were  added  into  deionized 
water  under  stirring  until  a  transparent  solution  was  obtained. 
Then  citric  acid  ammonium  was  added  into  the  solution  under 
stirring  with  a  molar  ratio  of  citric  acid  ammonium  to  total  metal 
ions  of  1.5.  Water  was  evaporated  at  90  °C  until  a  transparent  sol 
was  formed.  The  primary  powders  were  obtained  from  sponta¬ 
neous  combustion  of  the  sols  under  heating.  The  grinded  primary 
powders  were  subsequently  calcined  at  1000  °C  for  LSC  and  1100  °C 
for  LSM  in  a  muffle  in  air. 

The  absolute  oxygen  content  (3  ±  5)  of  synthesized 
Lao.6Sro.4Co03_5  (LSC)  and  Lao.8Sro.2Mn03  H;  (LSM)  was  measured 


through  the  decomposition  of  perovskite  in  a  gas  mixture  of  10% 
Fl2/Ar  at  950  °C.  Under  the  reduction  condition,  LSM  decomposed 
to  MnO,  SrO  and  La2C>3,  and  LSC  decomposed  to  SrO,  La203  and  Co 
(metallic).  The  absolute  oxygen  content  (3  ±  8 )  was  calculated  on 
the  basis  of  the  H2  consumption  monitored  by  a  thermal  conduc¬ 
tivity  detector  (TCD).  The  absolute  oxygen  contents  (3  ±  5)  of  initial 
Lao.6Sro.4Co03_a  (LSC)  and  Lao.8Sro.2Mn03+f;  (LSM)  are  2.896  and 
3.056,  respectively. 

The  assemblies  of  anode  NiO-YSZ  supported  with  thin  film  of 
yttria-stabilized  zirconia  (YSZ)  electrolyte  (20  pm)  were  prepared 
by  the  tape-casting  method.  For  the  LSM  cell,  the  composite 
cathode  of  LSM/YSZ  was  sintered  at  1200  °C.  A  pure  LSM  layer  onto 
the  composite  cathode  was  sintered  at  1200  °C  as  a  current 
collector  layer.  For  the  LSC  cell,  a  barrier  layer  of  ceria  doped  with 
Gd-cations  (GDC)  was  deposited  on  the  YSZ  film  through  sputtering 
method.  Pure  LSC  cathode  was  coated  onto  the  GDC  layer  and 
sintered  at  1050  °C.  The  active  area  of  cathode  was  ca.  0.5  cm2.  The 
SEM  photographs  of  the  two  cathodes  were  taken  on  a  FE1  QUANTA 
200F  microscope  equipped  with  a  field  emission  gun  at  15  kV. 

Humidified  H2  (3%  H2O)  and  pure  O2  flow  were  supplied  as  fuel 
and  oxidant  respectively.  In  order  to  investigate  the  effect  of  CO2, 
CO2  flow  was  blended  into  02  flow  and  fed  to  cathode.  CO2  partial 
pressure  was  controlled  at  0.53, 1.85,  2.99  and  4.68  kPa  in  oxygen, 
respectively.  The  variations  in  cell  voltage  at  constant  current 
density  of  0.15  A  cm-2  were  recorded  after  introducing  O2  flow  with 
CO2  for  10  min.  The  impedance  spectra  were  typically  measured 
under  open  circuit  voltage  conditions  using  a  Solartron  1287 
potentiostat  and  a  1260  frequency  response  analyzer.  Scan  param¬ 
eters  were  as  follows:  frequency  range  of  0.08  Hz— 98,500  Hz,  10  mV 
amplitude. 

3.  Results  and  discussion 

Fig.  1  presents  the  surface  and  cross  sectional  SEM  images  of  LSC 
and  LSM  cathodes.  The  particle  size  of  LSC  is  in  the  range  of  250— 
500  nm.  The  particle  size  of  LSM  is  in  the  range  of  1—2  pm.  Both 
LSC  and  LSM  cathodes  show  a  structure  with  suitable  porosity  and 
well  necked  particles,  which  are  prerequisites  for  gas  diffusion  and 
transfer  of  electron  and/or  oxygen  ion. 

Fig.  2  shows  the  current  density— voltage  curves  of  the  LSC  cell 
under  different  cathodic  gas  compositions.  It  can  be  seen  that  the 
cell  performance  decreases  with  increasing  C02  partial  pressure 
(PC02).  At  0.7  V  and  600  °C,  the  cell  power  density  decreases  by  1.81, 
3.93,  5.05  and  7.15%  at  PC02  =  0.53,  1.85,  2.99  and  4.68  kPa  in 
oxidant.  The  corresponding  area-specific  resistance  (ASR)  calcu¬ 
lated  from  current  density-voltage  curves  increases  by  0.02,  0.04, 
0.06  and  0.09  O  cm2.  The  effect  of  CO2  becomes  serious  with 
decreasing  temperature.  At  Pco2  =  1.85  kPa,  the  cell  power  density 
at  0.7  V  decreases  by  0.45, 1.87  and  3.93%  at  800,  700  and  600  °C, 
respectively.  Fig.  3  shows  the  current  density— voltage  curves  of  the 
LSM  cell  under  different  cathodic  gas  compositions.  The  LSM  cell 
performance  decreases  with  increasing  CO2  partial  pressure.  At 
0.7  V  and  700  °C,  the  cell  power  density  decreases  by  0.76, 1.52, 4.05 
and  6.47%  at  Pco2  =  0.53, 1.85,  2.99  and  4.68  kPa  in  oxidant.  The 
corresponding  area-specific  resistance  increases  by  0.01,  0.03,  0.08 
and  0.12  Q  cm2. 

Fig.  4  shows,  in  the  form  of  Nyquist  (Fig.  4a)  and  Bode  (Fig.  4b) 
plots,  the  electrochemical  impedance  spectra  of  the  LSC  cell.  The 
change  of  impedance  spectra  with  CO2  partial  pressure  is  severer  at 
low  temperatures  than  that  at  high  temperatures.  The  main 
contribution  to  the  change  of  EIS  comes  from  an  increase  in 
polarization  resistance.  Table  1  shows  the  polarization  resistances 
of  the  LSC  cell  at  various  CO2  partial  pressures  and  different 
temperatures.  The  polarization  resistance  increases  with  increasing 
CO2  partial  pressure.  At  500  °C,  the  polarization  resistance  is 
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Fig.  1.  Surface  SEM  images  for  (a)  LSC  cathode  and  (b)  LSM  cathode  and  cross  sectional  SEM  images  for  (c)  LSC  cathode  and  (d)  LSM  cathode. 


5.12  Q  cm2  in  O2  flow,  and  increases  to  5.74,  6.32,  6.66  and 
7.03  Q  cm2  at  PCo2  =  0.53, 1.85,  2.99  and  4.68  kPa  in  oxidant.  At  the 
same  CO2  partial  pressure,  the  increase  in  polarization  resistance  is 
more  significant  with  decreasing  temperature.  At  Pco2  =  1-85  kPa, 
the  polarization  resistance  increases  by  0.01  Q  cm2  at  700  °C  while 
it  increases  by  0.21  Q  cm2  at  600  °C  and  1.20  Q  cm2  at  550  °C.  The 
dependence  of  polarization  resistance  on  temperature  under  02 
flow  is  drawn  with  Arrenhius-Type  relation.  Two  temperature 
ranges  with  different  average  activation  energies  are  discriminated 
in  the  curve.  The  average  activation  energy  is  123.6  kj  mol-1  below 
670  °C  and  27.2  kj  mol-1  above  670  °C,  indicating  the  change  of 
reaction  mechanism  at  670  °C.  The  low  activation  energy  at  high 
temperature  indicates  that  the  rate  determining  step  can  be  gas 
diffusion  from  anode.  Hydrogen  dissociation  and  diffusion 
processes  usually  have  so  low  activation  energies  [40,41  ].  At  high 
temperatures,  oxygen  easily  releases  from  LSC  under  cathodic 
polarization.  The  resulted  oxygen  vacancies  greatly  promote 
oxygen  surface  reaction  on  LSC  [42,43].  That  is  to  say,  oxygen 
reduction  on  LSC  cathode  is  no  longer  the  rate  limiting  step  above 
670  °C.  The  apparent  activation  energy  of  cell  reaction  below  670  °C 
is  in  good  agreement  with  that  of  oxygen  surface  exchange  re¬ 
ported  at  interface  LSC/LSGM  and  film  LSC/YSZ  [12,13,44],  Fig.  5 
shows  the  effect  of  CO2  partial  pressure  on  apparent  activation 
energy  of  the  LSC  cell  at  low  temperatures.  The  apparent  activation 
energy  increases  from  123.6  kj  mol-1  in  pure  O2  to  131.1, 137.1, 139.1 
and  140.9  kj  mol-1  atPco2  —  0.53, 1.85, 2.99  and  4.68  kPa  in  oxidant. 


The  Bode  plots  in  Fig.  4b  show  that  the  impedance  of  the  LSC  cell 
at  least  consists  of  three  arcs,  high  frequency  arc  (summit  frequency 
/summit  >  ca.1000  Hz),  intermediate  frequency  arc  (/summit  ranging 
from  ca.7.5-396  Hz)  and  low  frequency  arc  (/summit  <  ca.  2.5  Hz). 
This  indicates  that  at  least  three  rate  determining  steps  are 
involved.  At  high  temperatures  of  700—800  °C,  the  low  frequency 
impedance  arc  is  dominant.  The  summit  frequency  and  magnitude 
of  low  frequency  arc  almost  do  not  vary  with  temperature,  implying 
that  the  related  activation  energy  is  very  low.  The  low  frequency  arc 
(/summit  <  ca.  2.5  Hz)  can  arise  from  gas  diffusion.  The  intermediate 
frequency  arc  is  dominant  at  temperature  range  of 550—650  °C.  The 
intermediate  frequency  arc  significantly  increases  with  decreasing 
temperature,  and  the  summit  frequency  decreases  with  decreasing 
temperature,  implying  higher  activation  energy  for  the  related 
reaction  step.  The  intermediate  frequency  arc  is  correlated  to  the 
dissociative  adsorption  of  oxygen  according  to  the  characteristic 
frequency  [11-16,26,45].  The  high  frequency  arc  is  related  to  the 
incorporation  of  oxygen  ion  into  electrolyte.  After  introducing  CO2 
to  cathode,  the  change  in  impedance  occurs  mainly  in  the  inter¬ 
mediate  frequency  region  (/summit  ranging  from  ca.7.5— 396  Hz), 
indicating  that  CO2  impedes  oxygen  dissociative  adsorption  on 
LSC  cathode. 

Fig.  6  shows,  in  the  form  of  Nyquist  (Fig.  6a)  and  Bode  (Fig.  6b) 
plots,  the  electrochemical  impedance  spectra  of  the  LSM  cell  at 
various  CO2  partial  pressures  and  temperatures.  Similarly,  the 
polarization  resistance  increases  with  increasing  CO2  partial 
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pressure.  Table  2  shows  the  polarization  resistances  at  various  CO2 
partial  pressures  and  different  temperatures  on  the  LSM  cell.  At 
700  °C,  the  polarization  resistance  is  2.94  Q  cm2  under  pure  O2  flow, 
and  the  polarization  resistance  increases  to  2.97,  3.01,  3.07  and 
3.14  Q  cm2  at  Pc 02  =  0.53, 1.85,  2.99  and  4.68  kPa  in  oxidant.  The 
increase  in  polarization  resistance  is  more  significant  with 
decreasing  temperature  at  the  same  CO2  partial  pressure.  The 
variation  in  impedance  is  mainly  assigned  to  the  low  frequency 
impedance  arc  with  a  summit  frequency  of  ca.  2  Hz,  which  is 
associated  with  dissociation  of  adsorbed  oxygen  molecule  or 
surface  diffusion  of  O-species  [46-48],  Thus,  CO2  impedes  disso¬ 
ciation  of  adsorbed  oxygen  or  surface  diffusion  of  O-species  on  LSM. 
The  dependence  of  the  apparent  activation  energy  on  CO2  partial 
pressure  is  depicted  in  Fig.  7.  The  apparent  activation  energy  of  the 
LSM  cell  is  80.6  kj  mol-1  when  pure  O2  is  used  as  oxidant.  The 


apparent  activation  energy  is  82.9,  83.6,  85.1  and  89.2  kj  mol-1  at 
Pco2  =  0.53, 1.85,  2.99  and  4.68  kPa  in  oxidant. 

At  a  constant  current  density  of  0.15  A  cm-2,  the  LSC  cell  voltage 
declines  with  increasing  CO2  partial  pressure.  The  cell  voltage 
decreases  by  2.8,  8.8, 11.8  and  15.2  mV  at  600  °C  respectively  when 
CO2  partial  pressure  is  0.53, 1.85,  2.99  and  4.68  kPa  in  oxidant.  At 
Pco2  —  1-85  kPa,  the  cell  voltage  decreases  by  0.4,  0.6, 1.2,  3.9,  8.8 
and  17.2  mV  at  800, 750, 700, 650, 600  and  550  °C,  respectively.  The 
cell  voltage  can  be  written  as  equation  (1). 

V  =  E-iRohm-Vc(i)-VJi)  (1) 

where  E  is  electromotive  force  (EMF),  R0hm  is  ohmic  resistance,  tjc  is 
cathodic  overpotential,  rja  is  anodic  overpotential.  Even  at 
Pc 02  —  4.68  kPa,  the  variation  in  £  caused  by  the  change  in  oxygen 
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partial  pressure  is  0.9  mV  at  600  °C,  which  is  far  below  the  actual 
variation  of  15.2  mV.  The  variation  in  £  caused  by  the  change  in 
oxygen  partial  pressure  is  negligible  for  the  cell  voltage  change. 
When  low  content  of  CO2  is  introduced  into  O2  flow,  the  electro¬ 
motive  force  (EMF)  can  be  regarded  as  constant.  Ohmic  loss  can  also 
be  regarded  as  constant  due  to  fixed  current  density  and  constant 
Rohm-  Thus,  the  variation  of  cell  voltage  is  considered  as  the  varia¬ 
tion  of  cathodic  overpotential  (AL/  =  A?jc).  A  decrease  in  cell  voltage 
means  an  increase  in  cathodic  overpotential.  The  variation  of 
cathodic  interfacial  resistance  is  evaluated  using  equation  (2) 

ARC  =  At?  Ji  (2) 

where  At?c  is  equal  to  A  LI,  which  is  the  change  of  cell  voltage,  i  is 
current  density  (0.15  A  cm-2).  Fig.  8  shows  good  linearity  of  Ln  (1/ 
ARC)  versus  reciprocal  temperature  for  the  LSC  cathode  in  all 
temperature  range.  The  results  indicate  that  CO2  affects  the  same 
oxygen  reduction  step  whether  at  high  temperatures  or  at  low 
temperatures.  This  is  consistent  with  the  EIS  results  that  CO2 
mainly  influences  oxygen  dissociative  adsorption.  It  can  also  be 
seen  that  the  dependence  of  ARC  on  temperature  is  stronger  at  low 
CO2  partial  pressures  than  that  at  high  CO2  partial  pressures. 

At  a  constant  current  density  of  0.15  A  cm-2,  the  LSM  cell  voltage 
decreases  with  increasing  CO2  partial  pressures.  The  voltage 
respectively  decreases  by  0.3,  0.9, 1.7  and  2.8  mV  at  800  °C  when 
C02  partial  pressure  is  0.53,  1.85,  2.99  and  4.68  kPa.  At 
Pco2  =  1.85  kPa,  the  cell  voltage  decreases  by  0.9  mV  at  800  °C  while 
it  decreases  by  2,  2.3  and  3.8  mV  at  750,  700  and  650  °C,  respec¬ 
tively.  Similarly,  good  linearity  of  Ln  (1/ARC)  versus  reciprocal 
temperature  is  observed  on  the  LSM  cell  in  Fig.  8,  indicating  that 


CO2  affects  the  same  oxygen  reduction  step.  In  contrast  to  the  LSC 
cell,  the  dependence  of  ARC  on  temperature  for  the  LSM  cell  is 
stronger  at  high  CO2  partial  pressures  than  that  at  low  CO2  partial 
pressures. 

Oxygen  reduction  on  cathode  consists  of  three  types  of 
elementary  reactions  [6,8,49—51],  surface  reaction  (1),  surface  and 
bulk  diffusion  (2)  and  incorporation  into  the  electrolyte  (3).  Surface 
reaction  involves  adsorption  of  oxygen  molecule  (equation  (3)), 
dissociative  adsorption  of  oxygen  molecule  (equation  (4)),  disso¬ 
ciation  of  adsorbed  oxygen  molecule  (equation  (5)),  ionization  of 
oxygen  atom  (equation  (6)),  and  transfer  of  oxygen  ion  from 
cathode  surface  into  the  bulk  (equation  (7)). 


o2(g)-o2ad 

(3) 

02(gH20ad 

(4) 

02,ad-20ad 

(5) 

Oad-02d +2h* 

(6) 

°ad  +  V0  _>00,  cathode 

(7) 

where  h*  represents  an  electron  hole.  V"  is  an  oxygen  vacancy. 
0Xo,catho,  de  is  a  lattice  oxygen.  Assuming  that  (1)  the  steps  involving 
the  formation  of  adsorbed  oxygen  Oads  are  slow,  (2)  oxygen  activity 
on  cathode  surface  varies  approximately  linearly  with  the 
concentration  of  adsorbed  oxygen  or  the  coverage  of  adsorbed 
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oxygen,  and  (3)  electrode  potential  lies  on  oxygen  activity  on 
cathode  surface,  the  cathodic  overpotential  caused  by  surface 
reaction  can  be  written  as  equation  (8)  [8,46], 


equation  (10).  The  variation  in  cathodic  overpotential  is  written  as 
equation  (11). 


(8) 


where  6*0  is  the  coverage  of  adsorbed  oxygen  atom  (Oads)  in  equi¬ 
librium  with  the  gas  phase.  Before  introducing  CO2  to  cathode, 
cathodic  overpotential  is  expressed  as  equation  (9).  After  intro¬ 
ducing  CO2  to  cathode,  cathodic  overpotential  is  expressed  as 


RT  ,  8*0 

Vsr  ~  2 F  ln0bef 

RT  ,  8*0 

Vsr  =  2FlTlC 


(9) 


(10) 


548 


r  al.  /  Journal  of  Power  Sources  222  (2013)  542-553 


b 


pco  =  OkPa 
pco2=  0.53kPa 
P  =  1.85kPa 


10  100  1000  10000  100000 

f  (Hz) 


f(Hz) 


1.0 

600°C  -  PCQ2=  OkPa 

•  PCQ2=  0.53kPa 
A  Pco2=185kPa 

3 

550°C  ■  PC02=  0kPa 

*  Poo2=  °-53kPa 

*  Pco2=  1  -85kPa 

o.s 

a 

♦♦tl  T  Pco2=  2-99kPa 

^>^XP-=468kPa 

2 

a 

-  Pco2=  2.99kPa 

-  P„„  =  4.68kPa 

002 

=]  °'° 

„..••****'  \ 

S  1 

ggF  \ 

-0.5 

*• 

0 

.  -1  . 

0.1  1  10  100  1000  10000  100000  0.1  1  10  100  1000  10000  100000 


f  (Hz)  f  (Hz) 

Fig.  4.  ( continued ). 


Table  1 

Polarization  resistances  of  the  LSC  cell  at  various  C02  partial  pressures  from  550  °C 
to  800  °C 


Polarization  resistance  (O  cm2) 


C02  partial  550  °C 

pressure  (kPa) 

”5  542 

0.53  5.74 

1.85  6.32 

2.99  6.66 

4.68  7.03 


600  °C  650  "C  700  °C 


1.97  0.87  0.57 

2.03  0.89  0.57 

2.18  0.92  0.58 

2.23  0.95  0.60 

2.36  0.96  0.60 


750  °C 


0.49 

0.49 

0.50 

0.50 

0.51 


800  °C 


0.46 

0.46 

0.47 

0.47 

0.47 


RT  .  0Qf 
=  2 F  ln  ef 


(11) 


Classic  gas  adsorption  isotherms  include  Langmuir,  Freundlich 
and  Temkin  equations.  For  surface  where  the  adsorption  heat  is 
a  function  of  coverage,  a  langmuir  adsorption  isotherm  is  not 
applicable.  Here,  Freundlich  equation  6  =  kP1/n  and  Temkin  equa¬ 
tions  6  =  a  +  bln(P)  are  proposed  to  describe  the  CO2  chemisorption 
on  cathodes.  Where  a,  b,  k  and  n  are  constants.  Freundlich  model 
assumes  that  adsorption  heat  logarithmically  decreases  with 
increasing  surface  coverage.  Temkin  model  assumes  that  adsorption 
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heat  linearly  decreases  with  increasing  surface  coverage.  On  the 
assumption  that  CO2  competes  with  oxygen  for  same  active  sites, 
the  coverage  of  adsorbed  CO2  can  be  evaluated  on  the  basis  of  the 
variation  in  the  coverage  of  oxygen.  On  the  basis  of  evaluated  CO2 
coverage  and  CO2  partial  pressure,  the  parameters  a,  b,  k  and  n  can 


be  calculated.  Then  the  average  values  of  parameters  are  obtained. 
Thus,  CO2  adsorption  equations  (0co2 )  are  determined.  The  variation 
in  cathodic  overpotential  is  recalculated  using  obtained  CO2 
adsorption  equations  in  order  to  check  its  validity  on  the  basis  of 
equation  (12). 


(12) 


Table  3  shows  the  linearization  fitting  parameters  of  CO2 
adsorption  on  LSC  on  the  basis  of  Temkin  equation  and  Freundlich 
equation.  According  to  the  linear  correlation  coefficients  (R2) 
values,  Temkin  model  is  adopted  to  describe  CO2  adsorption  on  LSC 
at  low  temperatures  (550—650  °C),  and  Freundlich  model  is 
adopted  to  describe  CO2  adsorption  on  LSC  at  high  temperatures 
(700-800  °C).  The  adsorption  models  show  heterogeneous  surface 
sites  for  CO2  adsorption  on  LSC.  Fig.  9  and  Fig.  10  show  a  comparison 
of  experimental  data  of  A?)c  and  fitting  data  of  Atjc  on  the  basis  of 
proposed  CO2  adsorption  model  at  various  temperatures.  The  good 
agreement  between  experimental  data  of  Arjc  and  fitting  data  of  Atjc 
indicates  that  the  proposed  C02  adsorption  models  on  LSC  at 
various  temperatures  are  valid.  The  reason  for  that  CO2  adsorption 
obeys  different  models  at  different  temperatures  is  related  to  the 
composition  and  structure  changes  in  LSC  as  well  as  oxygen 
reduction  mechanism.  At  low  temperatures  of  550—650  °C,  oxygen 
dissociative  adsorption  on  LSC  cathode  is  a  rate  limiting  step.  CO2 
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Fig.  6.  Electrochemical  impedance  spectra  of  the  LSM  cell  at  various  CO2  partial  pressures  from  650  °C  to  800  °C,  Nyquist-plots  (a),  bode-plots  (b). 
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competes  for  ORR  active  sites  with  oxygen.  The  competitive 
adsorption  of  C02  with  oxygen  is  favorable  at  low  temperature.  The 
dependence  of  C02  coverage  on  Pco2  is  strong.  CO2  occupy  greatly 
active  sites  as  Pc 02  increases  even  in  low  Pqo2  range.  A  significant 
increase  in  cathodic  overpotential  with  increasing  Pco2  can  be 
observed.  CO2  coverage  approaches  to  maximum  with  further 
increasing  Pc 02.  The  dependence  of  C02  coverage  on  C02  partial 
pressure  becomes  weak  in  high  Pc 02  range,  which  results  in  a  small 
increase  in  cathodic  overpotential  with  further  increasing  C02 
partial  pressure.  At  high  temperatures  of  700—800  °C,  oxygen 
dissociative  adsorption  on  LSC  cathode  becomes  readily.  As  a  result, 
the  competitive  adsorption  of  C02  with  oxygen  becomes  relative 
weak.  The  dependence  of  CO2  coverage  on  Pco2  is  strong.  CO2 
coverage  gradually  increases  with  increasing  C02  partial  pressure, 
which  results  in  the  increase  in  cathodic  overpotential  with 
increasing  C02  partial  pressure  at  high  temperatures. 

Table  4  shows  that  the  linearization  fitting  parameters  of  C02 
adsorption  on  LSM  based  on  Temkin  and  Freundlich  model. 


Polarization  resistances  of  the  LSM  cell  at  various  C02  partial  pressures  from  650  °C 
to  800  °C 

Polarization  resistance  (Q  cm2) 

C02  partial  pressure  (kPa)  650  °C  700  "C  750  °C  800  °C 
460  234  L7i  426 

4.82  2.97  1.80  1.26 

4.90  3.01  1.80  1.27 

5.12  3.07  1.84  1.28 

5.47  3.14  1.86  1.27 


0.53 

1.85 

2.99 


Freundlich  model  is  adopted  to  describe  C02  adsorption  on  LSM  on 
the  basis  ofR2.  Fig.  11  shows  a  comparison  of  experimental  data  and 
fitting  data  of  Aijc  on  the  basis  of  Freundlich  model.  The  good 
agreement  between  experimental  data  and  fitting  data  indicates 
that  adopted  C02  adsorption  model  for  LSM  cathode  is  valid.  The 
EIS  results  reflect  that  oxygen  dissociation  or  diffusion  of  O  species 
is  a  slow  process  on  LSM.  The  introduction  of  C02  can  decrease 
oxygen  available  on  the  TPB  and  results  in  an  increase  in  cathode 
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loocrT1/  K'1 


Fig.  8.  Ln  (1/ARi)  versus  reciprocal  temperature  for  the  LSC  cell  (a)  and  the  LSM  cell  (b) 
at  various  CO2  partial  pressures  and  temperatures.  ARC  is  the  variation  of  cathodic 
interface  resistance,  which  can  be  evaluated  using  equation  ARC  =  Aij c/i,  in  which  Ar;c  is 
equal  to  the  variation  of  cell  voltage  (A U),  I  is  current  density  (0.15A  cm-2). 
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Fig.  9.  Comparison  of  experimental  data  and  fitting  data  of  variation  in  cathodic 
overpotential  (Ai;c)  on  the  basis  of  Freundlich  model  for  LSC  cathode  in  temperature 
range  of  700— 800  °C 

electronic  structure  of  B-site  element  on  oxygen  reduction  reaction 
(ORR)  of  LaBC>3  perovskite  has  been  investigated  by  theoretical  and 
experimental  studies  [52-54],  ORR  activity  for  perovskites  is 
primarily  related  to  the  extent  of  hybridization  of  B— O  bond  and  rf- 
orbital  occupation.  LaMn03  and  LaCo03  display  high  ORR  activity 
with  an  eg-filling  and  the  increased  covalency  between  the  metal 
3d  and  oxygen  2p.  When  CO2  adsorbs  on  a  perovskite,  both  mon- 
odentate  carbonates  and  bidentate  carbonates  are  formed.  Mono- 
dentate  carbonate  species  are  formed  through  C  atom  of  CO2 
bonding  with  basic  O2-  ion  in  perovskite.  The  basicity  of  O2-  ion 
depends  on  the  electronegativity  of  cation.  The  electronegativity  is 
1.55, 1.88,  0.95  and  1.1  in  the  pauling  scale  for  Mn,  Co,  Sr  and  La, 
respectively.  The  stability  of  monodentate  carbonate  bonding  with 
A-site  cation  such  as  La  and  Sr  is  higher  than  that  bonding  with  B- 
site  cation  such  as  Co  and  Mn.  On  the  other  hand,  the  amounts  of 
oxygen  vacancies  in  Mn-containing  perovskite  and  Co-containing 
perovskite  are  different.  Quantum  mechanical  analysis  of  LaM03 
(M  =  Cr,  Mn,  Fe,  Co)  shows  the  difference  in  oxygen  vacancy 
formation  energies  [55],  As  compared  with  Mn-based  perovskite, 
Co-based  perovskite  displays  lower  oxygen  vacancy  formation 


◄  Experimental  data 
■  ■  ■  Fitting  data  with  Freundlich  model 

•  '  <  700°C 

,  .  ‘  750°C 

.  •  '  4.  '  800oC 

:  1  1  ■  '  ■ _ 1 _ . _ 1 _ . _ 1 _ . _ 1 _ 


overpotential.  CO2  adsorption  on  LSM  is  relative  weak  as  compared 
with  CO2  adsorption  on  Co-based  perovskite  [39],  The  dependence 
of  CO2  coverage  on  C02  partial  pressure  is  strong.  CO2  coverage 
gradually  increases  with  increasing  CO2  partial  pressure,  which 
corresponds  to  the  observation  that  the  effect  of  CO2  becomes 
serious  with  increasing  CO2  partial  pressure.  The  present  study  of 
Freundlich  model  on  CO2  adsorption  on  LSM  cathode  is  in  agree¬ 
ment  with  a  previous  study  on  CO2  adsorption  on  LaMn03+y  [56], 
Oxygen  reduction  reaction  on  perovskite  cathode  depends  on 
active  B-site  ions  and  oxygen  vacancies.  On  one  hand,  the  effect  of 

Table  3 

Comparison  of  linearization  parameter  of  C02  adsorption  on  LSC  cathode  at  different 
temperatures  based  on  Freundlich  model  8  =  kP1  n  and  Temkin  model  8  =  a  +  bln(P). 

Temperature  (°C)  R2 

Freundlich  model  Temkin  model 

550  0.9841  0.9993 

600  0.9810  0.9974 

650  0.9678  0.9981 

700  0.9955  0.9462 

750  0.9971  0.8937 

800  0.9997  0.8986 


0.04 

0.03 

>  0.02 

0.01 

0.00 

0  1  2  3  4  5 

C02  partial  pressure  /  kPa 


Fig.  10.  Comparison  of  experimental  data  and  fitting  data  of  variation  in  cathodic 
overpotential  (Atjc)  on  the  basis  of  Temkin  model  for  LSC  cathode  in  temperature  range 
of  550-650  °C. 
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Table  4 

Comparison  of  linearization  parameter  of  CO2  adsorption  on  LSM  cathode  at 
different  temperature  based  on  Freundlich  model  6  =  kP 1,n  and  Temkin  model 
e  =  a  +  bln(P). 

Temperature  (°C)  R2 

Freundlich  model  Temkin  model 


650  0.9961  0.8044 

700  0.9952  0.8176 

750  0.9991  0.8452 

800  0.9920  0.8564 


' 700°C 
1 ' 750°C 


C02  partial  pressure  /  kPa 

Fig.  11.  Comparison  of  experimental  data  and  fitting  data  of  variation  in  cathodic 
overpotential  (Atjc)  on  the  basis  of  Freundlich  model  for  LSM  cathode  at  temperature 
range  of  650  °C— 800  °C. 


energy  due  to  relative  weaker  Co-0  bond  strength  and  the  ease  of 
Co  reduction.  Mn-based  perovskite  displays  oxygen  excess  non¬ 
stoichiometry  while  Co-based  perovskite  displays  oxygen  deficient 
nonstoichiometry.  In  our  experiment,  the  absolute  oxygen  contents 
(3  ±  5)  of  initial  La0.6Sro.4Co03_,;  (LSC)  and  Lao.sSro^MnCh-fl  (LSM) 
are  2.896  and  3.056,  respectively.  Under  cathodic  polarization  or 
low  oxygen  partial  pressure,  oxygen  vacancies  can  be  further 
created.  LSC  displays  a  larger  amount  of  oxygen  vacancies  than 
LSM.  CO2  is  a  slightly  acid  molecule.  The  adsorption  of  CO2  on  basic 
sites  is  strong.  Bidentate  carbonate  species  are  formed  through  C 
atom  of  CO2  bonding  with  basic  O2-  ion  in  perovskite  and  O  atom  of 
CO2  bonding  with  oxygen  vacancy  in  perovskite  [56,57],  The 
formation  of  oxygen  vacancies  increases  the  basicity  of  lattice 
oxygen  and  promotes  C02  adsorption.  Bidentate  carbonates  are 
more  stable  on  LSC  than  on  LSM. 

4.  Conclusions 

The  effects  of  CO2  on  Lao.gSro  4Co03_,s  (LSC)  and  Lao.8Sro.2Mn03+(5 
(LSM)  cathode  were  investigated.  The  presence  of  CO2  in  O2  flow 
leads  to  a  decrease  in  performance  and  an  increase  in  polarization 
resistance.  For  the  LSC  cathode,  the  EIS  results  show  a  change  in 
oxygen  reduction  mechanism  on  LSC  at  ca.  670  °C.  Gas  diffusion  in 
anode  can  be  the  rate  limiting  step  at  high  temperatures,  whereas 
oxygen  dissociative  adsorption  is  the  rate  liming  step  at  low 
temperatures.  CO2  impedes  oxygen  dissociative  adsorption  on  LSC 
at  all  temperatures.  CO2  adsorption  on  LSC  obeys  Temkin  model  at 
low  temperatures  (550—650  °C)  and  Freundlich  model  at  high 
temperatures  (700—800  °C).  Different  CO2  adsorption  behaviors  are 
ascribed  to  the  change  in  LSC  structure  and  the  change  in  oxygen 


reduction  mechanism.  For  the  LSM  cathode,  oxygen  reduction 
mechanism  does  not  change  in  all  the  temperature  range  (650— 
800  °C).  CO2  inhibits  oxygen  dissociation  adsorption  and  diffusion 
of  oxygen  species  on  LSM.  CO2  adsorption  on  LSM  obeys  Freundlich 
model  in  all  the  temperature  range  (650—800  °C).  The  differences 
in  the  effects  and  affecting  mechanisms  of  CO2  on  LSM  and  LSC  are 
related  to  their  differences  in  composition  and  structure. 
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